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4.0  Structures Systems

4.1 Introduction

NASA is currently in the process of developing the next generation crewed and cargo launch
vehicles and spacecraft to return to the Moon and beyond. With the experience and knowledge
base available to NASA from past similar programs, it is important to develop a document that
captures the salient aspects of successful programs and serve as an important guide in evaluating
next generation and future spacecraft concepts and proposals.

This section outlines design, development, testing, and evaluation best practices for robust,
reliable space systems. The scope of the section is limited to the space structural and pressurized
systems (pressure vessels and pressurized structure). These components are critical to mission
success and must operate safely and reliably. As an integrated structural system, the reliability at
system level must be shown as well, through analysis and testing, to exceed the stipulated
performance metrics of the program. Previous history and experience with similar structural
designs provides background and guidance for future designs. Although this section is intended
to address the reliability of the space structural systems, the methods and practices specified
herein should be applicable to structural components (adaptive structures, engines, rocket
nozzles, and thermal protection systems) in other disciplines (propulsion, mechanisms, etc.).

To this end, the practices that were followed in similar heritage programs such as the Apollo,
Space Shuttle, etc., were first examined. Of special interest are various lessons learned,
documented failures, as well as successful designs. In addition, various tools and techniques
used in preliminary design, detailed analysis, and verification/validation are documented.
Acceptance tests and testing procedures with emphasis on how these tests uncovered errors and
defects unforeseen in design and analysis are also described.

Reliability and robustness for structural systems are best examined in terms of a multi-tiered
approach. The primary level should address reliability of individual components, considering all
possible uncertainties in material properties, loads, geometry, human factors, and environmental
conditions. Best practices for producing a design that satisfies all the requirements and passes
through the qualification and acceptance testing can be gleaned from past databases of heritage
programs. The importance of verification/validation at each level of the design process cannot
be over emphasized. Tests required verify/validate the design of each structural component
should be identified early in the design process, so they can be planned and conducted, and the
test results properly documented. When testing is prohibitively expensive, other methods of
design verification/validation (e.g., design verification by analysis) can be adopted, but only after
considering potential risks of not testing.

To assess reliability of the complete structural system, reliability of the individual components
(or subsystems) must be aggregated while accounting for redundancy and interdependence. This
falls more in the realm of Systems Engineering (SE); however, best practices for highly reliable
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structural designs may strongly influence the system level reliability. Implementation of best
practices from all subsystems ultimately ensures the new launch system meets or exceeds the
predetermined reliability goal.

The following is a brief description of the each section’s content:

The high-level design process which involves an assessment of structural system and its
interaction with all other disciplines and subsystems with procedural design guidelines are given
in Sections 4.2 and 4.3. These are gathered from the design experience from past NASA space
programs.

NASA has a long history of successful space program initiatives. Much can be learned from
these programs. A historical perspective of major launch programs with emphasis on structural
design/analysis aspects and reliability of systems form the contents of Section 4.4. Subsections
4.4.1 through 4.4.5 outline the structural design practices followed in heritage programs
Mercury, Gemini, Apollo, Space Shuttle, Reusable Launch Vehicles and ISS. The Section 4.4.6
gives a brief summary of how various analysis tools evolved as the programs evolved.

Section 4.5 discusses the central theme of this subsection; key design, development, testing, and
evaluation attributes that lead to a reliable, robust, and successful structural systems for human
and robotic missions. Applicable requirements and available government and industry standards
were examined in light of mission requirements, performance, and environmental constraints. In
addition, proper use of standards for evolving technologies, the appropriate use of prototype
modeling, simulation, testing methods, and acceptance procedures are examined. Key aspects
pertaining to design/analysis, safety factors, probabilistic approaches, and verification/validation
procedures are discussed as well. Manufacturing aspects, quality assurance, inspection
requirements, and quality variance resolution schemes are also examined.

Section 4.6 examines the indicator observable list of what makes a structural system reliable and
robust by providing an appropriate list of best practices as benchmarks. This list serves as an
invaluable guide for all future space missions. Practices are highlighted that increase the
likelihood of success and reduce the likelihood of making negligent mistakes or errors of
diagnosis that have contributed to past failures.

4.2 Interactions with Other Subsystems/Disciplines

Structural systems provide the basic framework to distribute external and internal loads resulting
from all flight loads, ground loads, and associated operational environments. They maintain
vehicle configuration and provide support to all other vehicle systems. The primary objective of
the structural system is to remain intact and experience minimal deformation when exposed to
various environments, including ground processing, testing, launch, on-orbit, and entry. The
system also provides containment for pressures as in pressure vessels, pressure components, and
pressurized structures. Structures tend to be a dependent subsystem in the sense that many
requirements flow to structures from other subsystems. As illustrated in Figure. 4.2-1, space
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systems are very complex and are multidisciplinary. Therefore they require multidisciplinary
analysis and optimization to capture the different system interactions and sensitivities to obtain
optimum system solutions and develop flight constraint and to validate/verify the system for the

system-of-systems or architecture. As a result, the development of a structural system design is
an iterative process.

Environment

Material
Properties

Manufacturing
Process

Test/
Verification

Criteria /
Requirement

Figure 4.2-1. Dependencies of Space Structural Systems on Other Subsystems/Disciplines

The strong disciplinary coupling between subsystems and/or components as the design function
interfaces is illustrated in Figures 4.2-2 through 4.3-3, manifesting the complex systems
engineering implications of spacecraft and launch vehicle systems. In Figure 4.2-2, an N x N
chart characteristic of launch vehicle systems, shows the pair-wise relationship or interfaces
between sets of subsystems/components and/or disciplines, thus manifesting inherent
multidisciplinary interactions. It should be noted that actual relationships are not shown in the
figure. It is a generic tool and specific details need to be filled in depending upon the specific
structural system for which the matrix is being developed.9
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Figure 4.2-2. N x N Matrix Showing Possible Relationships Between Subsystems [ref. 9]

4.3 Overall High Level Design Process/Drivers

The design process flowchart (Figure 4.3-1) shows the structures specific emphasis on the more
general flow and technical integration as it relates to the design function. The flowchart also
shows the interactions with other design functions, or disciplines, in the framework of SE.

Figures 4.3-2 and 4.3-3, show, respectively, the structure design function plane and structure
design function gates [ref. 9]. Structural design is an iterative process that starts with the
structural requirements and constraints (such as system requirements, subsystem interfaces,
environments, materials, etc.) as initial inputs. As part of this process, analysis is conducted and
design is established through several iterations of analysis and testing. Finally, after
confirmation the design is in compliance with requirements and constraints, design drawings and
specifications are issued as outputs [ref. 9]. More detailed discussion on Figures 4.3-2 and 4.3-3
are given in [ref. 9].
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4.4 Historical Perspective

NASA has a long history in spaceflight and the development of various spacecraft for space
exploration spanning nearly fifty years beginning with the Mercury spacecraft, extending
through the Gemini and Apollo spacecraft, and continuing with the Space Transportation System
(STS), and the International Space Station (ISS). This rich history of spacecraft programs
embodies both programmatic and technical successes as well as failures, which has provided a
wealth of resources in terms of “lessons learned” and experiences for the next generation
spacecraft design and development. The heritage or legacy of technical vulnerabilities, successes
and failures are well documented as technical reports and other reference materials, such as
databases, technical requirements and guidelines in the form of standards, specifications and
system engineering and integration processes. This information can provide benefit for the next
generation of spacecraft development, by influencing their requirements and improving their
design criteria, thus increasing the robustness and reliability of their designs.

Amid the many successes and breakthrough technologies in spaceflight, there have been notable
failures as well. Two notable failures that demonstrate technical vulnerabilities were the failure
of the Apollo oxygen tank while the spacecraft was midway on its journey from the Earth to the
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Moon, and the catastrophic failure of the solid rocket booster joint o-ring on STS-51L that
resulted in the lose of the Challenger orbital vehicle and its crew. Though there have been
numerous successes in spaceflight, the failures remind NASA engineers and program managers
that spaceflight and the design and development of space systems are and will always remain a
very high risk technological undertaking. Therefore, heritage and lessons learned become quite
important and should be captured as a subset of the design space for the development,
qualification, validation/verification, and acceptance of future spacecraft hardware.

The following review of NASA heritage programs for human space flight includes the evolution
of the analysis tools used for the design and development of structural systems. Furthermore, a
review of these programs emphasizes the building block approach is absolutely necessary for
making advances in vehicles and improve their reliability.

4.4.1 Mercury and Gemini Programs

The current high level of aircraft and missile structural reliability is in part the result of decades
of technological and analytical advances. During the past several decades, successful aircraft
and missile development has shown that achieving structural safety was of paramount
importance to mission success.

Prior to the Mercury program, no structural requirements existed to ensure reliable or safe human
space flight. As such, the Mercury and Gemini programs faced new problems in almost every
area of technology. Review of the MIL standard for Aircraft Structural Integrity program shows
that several basic elements are required to assure safety and reliability [ref. 23]. These elements
are:

e Structural design criteria

e Determination of loads

e Design quality

e Strength analysis

e Development and qualification testing
e Flight testing

e Production quality control

A comparison of these elements [ref. 30] shows they are well developed for aircraft. In contrast,
just prior to the Mercury mission, such elements were not well developed for spacecraft.
Fortunately, many of the advances in the aircraft structural technology were directly applicable
in the Mercury and Gemini programs.

The Mercury and Gemini Programs recognized the element with the greatest influence on
structural safety was the structural design criteria. As such, the Mercury program placed the
greatest emphasis on defining a suitable factor of safety (FOS) and determining all possible
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modes of structural failure including malfunctions and off-nominal conditions. As a result, the
Mercury Program initially adopted an accepted aircraft design FOS of 1.5 for human spacecraft
design. A FOS of 1.25 was adopted for robotic vehicles. During development of the Mercury
vehicle, the FOS for human vehicles was lowered for some design features when the probability
of occurrence of a design condition was determined to be lower than originally anticipated [ref.
20]. In time, a FOS of 1.4 became generally accepted for human space systems [ref. 38]. This
precedent, set on the Mercury program, continued on the Gemini, Apollo, STS, and ISS
Programes.

The structural design of spacecraft, from Mercury to the STS, has always been an iterative
process. Design details are typically modified a number of times during the design cycle, as
resolution improves on loads, environments, and materials. A detailed set of design criteria is
necessary for this process to be successful. Inadvertent errors in the design criteria can be
compensated for by a robust structural design. However, design criteria should not be written to
compensate for design or design analysis errors.

Design analyses performed during the Mercury and Gemini Programs benefited from efforts to
extend the accuracy of existing mathematical models of spacecraft structural behavior. Still,
since a myriad of interrelated factors can influence the behavior of complex structures, it was
recognized that not all factors could be accounted for in analysis. Therefore, extensive testing
was performed during these programs [ref. 32]. This testing included development,
qualification, integrated system, and reliability ground tests. These tests were followed by flight
tests [refs. 15, 17, 24].

Developmental tests were performed to prove design concepts. These tests established the
feasibility of engineering concepts and also demonstrated structural integrity of components
prior to committing to production hardware. Integrated system tests were conducted following
progressive stages of development and qualification to demonstrate the compatibility of the
system interfaces. These tests permitted the resolution of problems involving interfaces with the
rest of the subsystems e.g., mechanical, electrical propulsion etc. System qualification tests were
used to successfully demonstrate the structure responded as intended and predicted by the
analysis.

As opposed to aircraft and missile programs, the Mercury and Gemini programs had relatively
small production runs of flight vehicles. Reliability could not be demonstrated through tests of
representative populations. For these programs reliability was estimated through analyses early
in the design phase and realized through quality control. Critical components for a successful
mission were subjected to qualification and acceptance testing such as:

e Temperature tests beyond the design envelope

e Vibration tests beyond the design envelope

e Pressures tests beyond the nominal mission conditions
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e Combined load tests that produce the largest stresses
e Endurance tests beyond the nominal number of mission cycles.

Tests were also conducted for off-nominal events. Decisions to redesign, retest, or change the
process of manufacturing received the same level of scrutiny as the original design cycle.

The ultimate product of the iterative design and testing cycle is a set of drawings and
specifications that fully and unambiguously define the structural system. Structural safety can be
assured only if each spacecraft is manufactured in full compliance with these drawings and
specifications. Quality control processes are commonly implemented to assure this compliance.
In the Gemini Program, quality control was implemented through a number of sub-processes,
including:

e Configuration control

e Material quality control
e Quality workmanship

e Rigid inspections, and
e Acceptance criteria.

All failures, malfunctions, and out-of-tolerance conditions were thoroughly examined,
understood, and analyzed before corrective actions were implemented. Corrected parts were
subjected to the same regimen of tests to ensure the part or parts had the required quality [refs.
15, 17, 24].

4.4.2 Apollo Program

The fundamental structural design principles for the Apollo spacecraft reflected the structural
design principles that had been established during the Mercury and Gemini programs. However,
while the design and development work during the Mercury and Gemini programs was iterative
in nature, programmatically each spacecraft was developed in just one “phase.” By contrast, the
Apollo Program design and development work comprised two stages, called “Block I’ and
“Block II” [ref. 35]. With this approach, lessons learned from Block I could be incorporated into
Block II. This deliberately added iteration provided added reliability in the final Apollo design.

Smith reports the Apollo process as [ref. 35]:

“The development plan contained basic concept design, determination of external and
internal loads, analysis of the structure for these loads, development of materials and
processes, developmental testing, verification testing and verification analysis in lieu of
testing, major ground tests, and flight tests. Development of the baseline structural
configuration of the spacecraft began with established mission requirements, progressed
into functional requirements, and then evolved into a design concept. Trade-off studies
were conducted to establish the proper design approach. Changes to the basic
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configuration resulted from design improvements and from deficiencies discovered
during analysis of ground and flight test data. Additional requirements for modifications
were determined during manufacturing, installation, design reviews, and stacking (joining
of modules) of the flight article.”

A range of structural testing was conducted during Block I:
e Module-level tests

e Static tests

e Dynamic tests

e Land-landing impact tests
e Unmanned flight tests

Similarly, Block II testing consisted of:
e Static tests

e Dynamic tests
e Water-landing impact tests
e Unmanned flight tests

The outcome from this comprehensive phased testing approach was that most of the structural
deficiencies were uncovered when the structural component or assembly failed to meet specified
criteria. These failures, once identified, were carefully examined and analyzed. Test criteria and
the severity of the test conditions were also examined. Structural inadequacies that required
design modifications were identified. This process resulted in numerous structural redesign or
design modifications being made from Block I to Block II.

Concurrently with the ground testing, boilerplate vehicles were manufactured to be structurally
representative of the design vehicle with respect to size, weight, shape, center of gravity, and
interfaces. These unmanned boilerplate vehicles were flight tested to obtain data during abort
flights and normal-boost flights. Structural experience gained from these boilerplate flights was
rolled into new design requirements as applicable.

Some of the import lessons learned during the Apollo program were:

» Test hardware must be structurally representative of flight hardware in its intended use.
Proper boundary conditions must be imposed on tested components.

* Load paths in complex structures may be difficult to discern. Design deficiencies may
result from the inability to predict load paths and load distributions accurately, so careful
analysis should be augmented with rigorous testing to increase the likelihood of
uncovering design deficiencies.
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= Better mathematical models and structural analysis tools may reduce the scope of ground
and flight testing. However, analysis tools are only as good as the assumptions made in
determining the computational models and the inputs to these models. Therefore, model
verification and validation should always be a part of any spacecraft design and
development program.

4.4.3 Space Shuttle Program

The design of the Space Shuttle, also known as the Space Transportation System (STS) incurred
many iterations and revisions before final definition, due in part to budget constraints [ref. 9].
Also, the STS was a significant departure from the Mercury, Gemini and Apollo spacecraft in
regard to its design configuration. The latter were all configured as a vertical stack of staged
boosters with a manned capsule on top of the stack. All of the components were designed for
just a one time use. The STS, by contrast, was a largely reusable side-by-side stack of four main
components. These four components were one disposable liquid fuel External Tank (ET), two
reusable Solid Rocket Boosters (SRBs) and one manned reusable Orbiter Vehicle (OV). In a
further departure from previous practice, the manned OV was not a capsule, but was rather a
winged aerospace vehicle.

The STS Program was similar to the Mercury, Gemini and Apollo programs, in that it was
ultimately manufactured in very small numbers. Only six OVs were constructed as part of the
STS. One of these vehicles was an aerodynamic flight test vehicle lacking important systems
that rendered it incapable of orbital flight. As previously noted, small production numbers made
quality control of paramount importance in maintaining reliability.

The novel STS design concept presented many new engineering challenges for STS design
engineers. Chief among these was designing the winged OV with a capability to reenter the
atmosphere, maneuver at high mach numbers, and land on a runway like a glider. These design
challenges required creative and innovative criteria, approaches, and hardware features. As
engineering concepts emerged, it became obvious that considerable changes in the size, design-
life, and reliability of the spacecraft would force the emergence of new design techniques and
approaches that had no precedent in previous spacecraft design. New emphasis was placed on
fracture analysis, fatigue life analysis, acoustic fatigue analysis, allowable deformations, and
innovative testing [ref. 33]. Classical demonstrations of structural capability were not always
feasible given the orbiter vehicle’s expanded operating envelope. For example, it was not
feasible to build a Mach 25, high altitude wind tunnel to replicate reentry conditions. Analysis
techniques that incorporated a combined aero-thermal loads criteria had to be developed to
account for this situation [ref. 19].

The SSP did not provide for a dedicated test article for the structural qualification of the Orbiter.
Because of programmatic considerations, it was deemed necessary to perform qualification
testing on a vehicle that may be used in future flight operations (STA-099). There was a high
probability that performing static strength tests to demonstrate ultimate design limits (1.4 time
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limit load) would result in deformations and strains that render the vehicle unusable for flight.
However, it was clear the vehicle must be shown to be acceptable at the design limit loads [ref.
19]. A hybrid qualification program was adopted that combined limited flight hardware testing
and the validation of stress predictions through the modeling and testing of prototype hardware
assemblies and components. “Qualification” tests on flight hardware were performed at 1.2
times the design limit loads. This load was judge to not irreversibly damage the structure.
During testing, sufficient instrumentation was used to not only demonstrate compliance but to
provide information to validate the computational models. Often stress distributions in the
critical test regions compared within 10 percent of the analyses. Combining the validated
models with the limited ‘qualification’ testing of the flight hardware provided the program with
confidence that extrapolated predictions at 1.4 time the design limit load was acceptable. The
test airframe STA-099 was later rebuilt and delivered as a flight qualified orbiter vehicle (OV-
099).

Similar innovative approaches were utilized during the development of the external tank (ET)
[ref. 14]. In order to minimize weight, the ET utilized a Factor of Safety (FOS) of 1.4 for
aerodynamic and dynamic loads while a factor of 1.25 was used to all well-defined loads, such as
thrust loads, internal pressure, and inertia loads. The ET program created a comprehensive
database by testing to validate the reduction in safety factor. Whenever there were small changes
in configuration of the external tanks, their designs were certified and verified by analytical
methods. Judiciously selected limit load testing on flight hardware provided verification of
structural modifications made to realize weight reductions of the ET [ref. 34].

In summary, the SSP used the following steps in the development of new innovative structures
and structural components.

= Develop and characterize special materials for the structures/structural components

* Develop accurate environment predictions and verification techniques

= Develop accurate structural dynamic and stress models and their verification

= Develop a fracture mechanics and nondestructive evaluation program

* Develop extensive verification procedures:

o Analysis

o Coupon tests, subcomponent tests, component tests, full scale tests, and flight
tests

o Analysis and test correlation

Develop accurate and technology-challenging manufacturing and quality control
procedures

An excellent summary of various practices and processes can be found in [refs. 9, 14, 19, 33].
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4.4.4 Reusable Launch Vehicles

NASA has performed design and test activities on a number of so-called first generation RLV's
such as the National AeroSpace Plane (NASP, also known as X-30), the X-33, the X-34, and on
second-generation launch vehicles such as the Orbital Space Plane (OSP, part of the Space
Launch Initiative).

This class of vehicle was thought to have potential to offer reduced payload launch costs on the
order of one-tenth those of the STS. Single-stage-to-orbit RLVs were heralded as potentially
ushering in a paradigm shift in the commercial launch business in terms of payload and
operational cost, reusability, and reliability. However, the potential benefits of RLVs were never
realized primarily because of significant technical challenges that stymied each program.

Among the technical challenges of this class of RLVs were the needs to develop:

e Durable thermal protection systems,
e New lightweight composite structures, and
e New high performance engine components.

Reusable Launch Vehicles are hypersonic vehicles that demanded unprecedented structural mass
fractions under the most severe thermal and acoustic environments [ref. 10]. The design of such
structures demanded the development of advanced materials with high specific strength and
stiffness, high temperature capability, compatibility with hydrogen and liquid oxygen (LOX),
and excellent thermal conductivity [ref. 10]. These materials had to be fabricated into complex
shapes; they had to have good fatigue and fracture characteristics; and they had to have known
and predictable failure mechanisms. The successful application of these materials had to also be
coupled with the imbedded integration of advanced instrumentation that could accurately
measure temperatures, pressures, heat fluxes and strains at extreme temperatures and in harsh
environments. Structural concepts that could be hot, insulated, or cooled, depending on the
structural application, had to be designed, fabricated, and tested to show technology viability for
applications in relevant environments.

For example, the NASP RLV presented major technological challenges in material requirements
due to the hostile and challenging aero-thermal environment at high hypersonic Mach numbers
and under atmospheric re-entry. Though many technological advances were made, the
temperature constraints and other space environment effects on material integrity to meet
mission requirements could not be overcome. Material and structural integrity, hydrogen
permeability and leaks, critical instrumentation and scramjet propulsion system posed additional
performance challenges.

For the X-33, technical problems with the composite fuel tanks, aero-spike engines, heat shield,
and avionics system posed significant challenges, and led to schedule delays and cost overruns.
The failure of the composite fuel tank was one of the primary reasons, including the significant
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weight growth of well over 28 percent with attendant performance penalties (aero-thermal,
propulsion, etc.), that doomed the program after considerable investment.

The X-34 technology demonstrator was an instrumentation test-bed, using the NASA MSFC
designed MC1 or “Fastrac” engine to demonstrate key technologies such as lightweight
composite airframe structures and propellant tanks, thermal protection systems, etc., for
hypersonic flight tests and experiments

These RLV programs have all fallen short of demonstrating their reusability and reliability
objectives because of unforeseen technical complexity and unrecognized shortfalls in technology
readiness. There was a common lack of appreciation for the technological hurdles and unproven
technologies that were needed to be matured to meet critical developmental milestones.

A common intermediate cause for these programmatic failures was cost and schedule overruns.
Their common root cause may have been the use of progressive but inadequate risk reduction
techniques with poorly quantified performance targets, unclear roadmaps, and consequent
unrealistic schedules [ref. 22].

4.4.5 Evolution of Analysis Tools

Before the advent of high-speed digital computers, engineers developed elaborate mathematical
models to solve problems that captured the salient features of the physics of the problem.
Engineers understood the system response, developed the governing equations or equivalent
mathematical models, calibrated their models and predictions with test results, and solved the
problem at hand. The Mercury and Gemini spacecraft were designed by this approach. As
previously noted, the use of complex mathematical models increased significantly during
development of the Apollo spacecraft. The STS was developed with what were then even more
advanced state-of-the-art mathematical models of complex systems. The end reliability of those
spacecraft structures was dependent on the judicious interpretation of analysis results and good
engineering judgment. When uncertainty was recognized and balanced with design robustness,
reliable structures resulted.

Subsequent to STS development, structural analysis technology has improved significantly.
Remarkable advances were made in computational capabilities, storage devices, and peripherals.
Today computing speeds approach a trillion floating point operations per second, memories
approach 10'? bytes, and tens of thousands of processors can be used. This increase in
computing power has consequently allowed significant advances in structural analysis
technology.

Many reliable commercial finite element modeling and analysis packages are available for
engineering applications. The finite element modeling packages most consistently used in
aerospace analysis applications are MSC-NASTRAN™' ABAQUS™? ANSYS™" and LS-

' MSC-NASTRAN is an enhanced proprietary version developed and maintained by MSC.Software Corporation.
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DYNA*. Selection of a finite element software package should take into account the type of
analysis being performed (e.g., linear versus non-linear deflection, static versus dynamic
loading) and the capabilities of the software for solving that type of problem. Most application
developers also offer training and technical support. In addition, to aid modeling several user-
friendly commercial pre- and post-processing software packages such as PATRANT™®,
FEMAP™®, [.DEAS™’, and GEO-MOD are available.

Current modeling and analysis tools and computing infrastructures far exceed what were
available to designers of the STS. As a result, detailed computational models that describe and
more accurately predict the fundamental physics of the problem are not only feasible, but are
also now practical and affordable.

Pre- and post- processing graphical user interfaces are available that make solutions of very
large-scale computational models and the interpretation of results feasible and relatively
straightforward. However, large-scale finite element models involving millions of degrees of
freedom are not necessarily high-fidelity analysis models that capture adequately the physics of
the problem and its response. The development of high-fidelity analysis models requires an
understanding of the anticipated structural response and engineering judgment in the use of
structural analysis tools.

As analysis tools increase in capability, and as computing environments enable larger and larger
computational models, analysts must exercise considerable judgment in the idealization of their
models, and in rendering the model appropriate to the end analyses. The end reliability of
spacecraft structures designed with today’s tools is still dependent on the judicious interpretation
of analysis results and on good engineering judgment. Increases in model complexity or fidelity
do not guarantee that prediction results will represent reality. It is arguably more important than
ever that design analysts recognize uncertainty in the results from their analysis. They must
recognize that verification and validation of their results is as necessary as ever, and that
robustness in design will still be the best defense against unreliability.

2 ABAQUS is a registered trademark of ABAQUS, Inc.

> ANSYSisa registered trademark of SAS IP, Inc.,

* LS-DYNA®© Keyword User’s Manual Volume I and IT — Version 960. Livermore, CA: Livermore Software
Technology Company (March 2001).

3 Computer Programs Recorded on Magnetic Tape, Discs, Magnetic Storage Media, Firmware, or on Punched
Cards. Prototype Development Associates, Inc. CORPORATION CALIFORNIA Suite 201 1740 Garry Ave. Santa
Ana CALIFORNIA 92705

G & S: computer programs for model making in the field of engineering simulation. Enterprise Software Products,
Inc. CORPORATION PENNSYLVANIA 415 Eagleview Boulevard, Suite 105 Exton PENNSYLVANIA 19341

7 G & S: computer software for mechanical design automation and product data management and manuals sold
therewith. Structural Dynamics Research Corporation CORPORATION OHIO 2000 Eastman Drive Milford OHIO
451502789
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4.5 Structural System Key Attributes

Structural components other than consumable or life limited items are intended to have sufficient
durability to perform adequately over the expected service life of the system. If deterioration or
damage arises it means that one, or a combination, of the following events has occurred:

= The original design was inadequate for the applied loading and environment, due to a
conceptual design or calculation error

» The loading amplitude and/or loading frequency, or some effect of the loading
environment was underestimated, due to a requirements specification error

= A flaw in the materials or in the manufacturing process has gone undetected, due to a
quality control and/or an inspection error

»  Unexpected damage has occurred through unforeseen means, such as handling damage
The following sections describe the processes devised to prevent these events from occurring.
4.5.1 Requirements and Conceptual Design (Architecting the Right System)

The primary purpose of a structure is to protect the spacecraft systems and ensure the system
remains intact by maintaining relative position of components under specified loads and
environments. This translates into a fundamental requirement to maintain structural integrity
throughout the life of the structure. The process of defining structural requirements for new
spacecraft typically begins with a review of previous development efforts and applicable
technical standards. Both sources should be mined for appropriate design constraints, testing
requirements, methodologies, and procedures. Care should be taken in selecting the
requirements that will appear in the system specification. All requirements should add value and
should not overly constrain the design and development. The list of requirements should be
determined through an active negotiation process between the project management and the
appropriate technical community.

4.5.1.1 Applicable Standards

As a minimum, all NASA programs should evaluate the NASA standards shown in Table 4.5-1
for applicability. These standards represent the starting point for the design, analysis, and
verification of structural systems within NASA. If a program intends to deviate from the
approach outlined in these NASA standards, then it will most likely require that documentation
of the technical rationale or waiver be provided to the organizations performing technical
oversight of the program during the formal review process.

Table 4.5-1 Applicable NASA Standards for Structural Systems

Document Title Publication Agency and
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Number Status
NASA-STD-5001 | Structural Design and Test Factors of Safety NASA
for Spaceflight Hardware
NASA-STD-5002 | Loads Analysis of Spacecraft and Payloads NASA
NASA-STD-5019 | Fracture Control Requirements for Spaceflight | NASA
Hardware
NASA-STD-7001 | Payload Vibro-acoustic Test Criteria NASA
NASA-STD-7002 | Payload Test Requirements NASA

In addition to the NASA standards shown in the above table, there are numerous other standards
and guidelines used by NASA, the military, and commercial aerospace industry which define
recommended practices for the design, analysis, and testing of structural systems. Examples of
some of the more common standards are shown in Table 4.5-2. These documents should be
reviewed by NASA programs for applicability to their particular structural subsystem.

Table 4.5-2 Applicable Aerospace Standards for Structural Systems

Document Title Publication Agency and

Number Status

AIAA S-110 Space Systems-Structures, Structural AIAA Published in 2005
Components and Structural Assemblies

ANSI/AIAA Space Systems-Metallic Pressure Vessels, AIAA Published in 1998
Pressurized Structures and Pressure

S-080

Components

ANSI/AIAA Space Systems-Composite Overwrapped AIAA Published in 2000

$.08] Pressure Vessel

ANSI/AIAA Space Systems-Flywheel Rotor Assembly AIAA Published in 2004

S$-096

ANSI/AIAA Space Systems- Composite Pressurized Structure | Final Draft
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Document Title Publication Agency and
Number Status
S-089
ANSI/AIAA Space Systems- Solid Rocket Motor Case Final Draft
S-086
ASME-V&V-10 | Guide for Verification and Validation in ASME Published in 2006
Computational Solid Mechanics
1SO 14622 Loads and induced Environment 1SO Published in 2000
1SO 14623 Space Systems- Pressure Vessels and Pressurized | ISO Published in 2003
Structures-Design and Operation
1SO 16454 Space Systems- Structural Design-Stress Final Draft
Analysis Requirements
1SO 21347 Space System- Fracture and Damage Control 1SO Published in 2005
1SO 21648 Space Systems- Flywheel Module Design and First Draft
Testing
1SO 24638 Space Systems- Pressure Components and First Draft
Pressure System Integration
NASA CR 4708 | Composite Spacecraft Structures design Guide NASA
NASA-TP-2002- | The New NASA Orbital Debris Engineering NASA
210780 Model ORDEM?2000
NSS 1740.14 Guidelines and assessment Procedures for NASA
Limiting Orbital Debris
MIL-STD-1540 | Test Requirements for Launch, Upper Stage, and | Military Standard
Space Vehicles
MIL-HDBK-17- | Composite Materials Handbook, Volume 3 - Military Handbook
3F Polymer Matrix Composites Materials Usage,
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Document Title Publication Agency and
Number Status

Design, and Analysis

DOD/FAA/AR- | Metallic Materials Properties Development and | FAA
MMPDS-01 Standardization

MCIC-HB-01 Damage Tolerance Design Handbook Battelle Columbus Labs
MSFC-STD- Guidelines for the Selection of Metallic NASA
3029 Materials for Stress Corrosion Cracking

Resistance in Sodium Chloride Environments

4.5.1.2 Mission Requirements
4.5.1.2.1 Performance

Structural design, including the implementation of new technologies, is driven by the system
performance requirement goals. More demanding performance requirements usually lead to
greater sensitivities to design uncertainties. Design uncertainties exist in material properties,
environments, analysis, testing, and manufacturing. It is preferred to have a linear sensitivity of
performance to these parameters. However, the high performance design may require nonlinear
dependence on these parameters. In that case, great care and accuracy must be taken to develop
material databases, define environments, and perform analyses. Manufacturing, quality control
and assurance, and acceptance criteria must be enhanced. On the other hand, robust design can
be achieved at higher cost and lower performance. The optimum design choice probably lies
between the two extremes. Sensitivity studies must be performed to determine both extreme
cases and select the optimum design.

4.5.1.2.2 Environments

The structural system is designed and tested to withstand all pertinent environmental conditions,
naturally occurring and induced, to which the system will be subjected during its life cycle.
These environments should be identified as early as possible in the structural design process and
appropriate loading conditions should be defined as requirements for design and testing. All
operational environments should be considered. For example, in addition to launch loads, the
structure should be designed for the acceleration levels experienced during transport to the
launch site while in shipping configuration. In addition, the structure should be capable of
withstanding the loads due to ground winds from all directions while on the launch pads well as
in-flight wind environments during launch. The structural design must also consider space
environments as well, including radiation, wide temperature ranges, meteoroids, and vacuum




NASA Engineering and Safety Center Document #: Version:
Technical Report RP-06-108 1.0

Design Development Test and Evaluation (DDT&E) Considerations | Page #:
for Safe and Reliable Human Rated Spacecraft Systems 31 of 697

expected during structure’s service life. For example, the structure should be protected against
loss of functional capability when subjected to the meteoroid flux with a 0.95 probability of no
penetration during the maximum time in orbit. The human compartments should be protected
from the meteoroid impact, which could result in pressure loss and the structural system should
be capable of withstanding pressure differential between internal system pressure and ambient
pressure.

The structural system shall be designed to withstand the cumulative effects of vibration, acoustic,
shock, and acceleration environments without degradation. The design environment is a
specified level above the maximum predicted level. For example, a safety factor of +3.0 dB is
applied to the acoustic sound pressure levels and for design fatigue life a factor of 4.0 on service
life or exposure time.

4.5.1.3 Trade Studies

The preliminary requirements for the design of a structural system typically involve the
definition of mass allowable and volume constraints, as well as specification of design loads and
structural dynamic requirements. These requirements stipulate the trade space for evaluating
different structural concepts. In most cases, the structural design trades are aimed at minimizing
vehicle weight while showing positive margins under the specified design loads and providing
sufficient stiffness to meet the minimum frequency requirements. One of the first trades in
developing a preliminary structural design is to define the load paths and the type of structure
that will sustain the design loads. For example, this could involve evaluating a truss type design
vs. a skin-stringer approach in which shear loads are carried by structural panels. Trade studies
can also be performed to evaluate different material types (composite versus metal) and different
construction techniques (honeycomb versus machined panels). The design trade space should
also include: the level of risk acceptable to the program, schedule for development of new
materials and fabrication techniques, interaction of structures with other subsystems, and budget
constraints.

4.5.1.4 Verification and Validation Requirements

Verification and validation are terms often used in relation to the qualification of reliable
structures. It is important to understand the meaning of these terms in relation to structural
elements. The terms verification and validation are often misused or used interchangeably.
NASA defines verification as “proof of compliance with specification as determined through a
combination of test, analysis, and demonstration” [ref. 25]. Validation is defined as “proof that a
product accomplishes the intended purpose as determined through a combination of test,
analysis, and demonstration” [ref. 25]. In other words; verification is demonstrating the product
meets the design requirements, and validation is demonstrating the product meets the goals of the
intended application.
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These definitions originate at the system level and primarily apply to hardware products. A
second set of definitions are commonly used in reference to computational models. Model
verification, as defined by AIAA, ASME, and DoD, is “the process of determining that a
computational model accurately represents the underlying mathematical model and its solution
[refs.1, 16, 37].” Model validation is “the process of determining the degree to which a model is
an accurate representation of the real world from the perspective of the intended uses of the
model.” In this case, verification is ensuring the computational model is correct in terms of the
governing equations (stress, strain, motion); validation is ensuring the modeling effort captures
the physics of the intended application. Producing reliable structures requires meeting both sets
of definitions. Computational models need to endure sufficient Verification & Validation
(V&V) to reduce uncertainty and demonstrate sufficient accuracy to support program decisions.
This is particularly important when computational models are to be used for product V&V. Best
practice would dictate the all structural systems should undergo a rigorous V&V process.

4.5.1.5 Lessons Learned

The following are examples of lessons learned taken from various past acrospace programs that
relate to the development of requirements and to the conceptual design process for structural
systems.

= Document engineering requirements as clearly as possible. All requirements, including
those seemingly minor changes, should be clearly documented to avoid misinterpretation
of the requirements.

* In anew system, requirements may have to be continually reviewed for applicability,
new requirements added as a new design may dictate, or requirements changed or
eliminated.

» Each requirement should be traceable to a compliance matrix. All test data should be
inspected for trends and “out of family values”, even when all values are within expected
range. Anomalous data should be analyzed.

= Impact of requirements changes for a subsystem should be properly evaluated on the
system and interfacing subsystems.

= Review out-of-flow processes to ensure no steps are bypassed.

= Eleventh-hour modifications at the launch site also require thorough validation. Assess
impact of the last-minute design changes on the system performance.

= Spacecraft must be designed to withstand worst-case ground, launch, and on- orbit
environments. All possible load combinations should be considered.
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4.5.2 Detailed Design and Implementation (Making the System Right)

Several key aspects for reliable structures are design, analysis, manufacturing and process
control, testing, and quality assurance. Each of these aspects is discussed in the sections below.

4.5.2.1 Design

Primary and secondary structures of space systems are designed to provide sufficient strength,
rigidity, and other characteristics required to sustain the critical loading conditions without
damage or degradation of performance throughout its service life. Several key aspects to be
considered are structural integrity, fatigue and fracture control, factors of safety, material
properties, and propulsion structures. These are individually discussed next.

4.5.2.1.1 Structural Integrity

Structures are designed to withstand simultaneously the design limit loads and other
accompanying environmental phenomena for each design condition without experiencing yield
or detrimental deformation. The design conditions include ground handling and transportation,
pre-launch operations, liftoff, ascent, intact abort, on-orbit operations, and entry, descent and
landing (EDL) operations. The structure must be able to support these loads without failure.
Structures for human flight systems are designed to accommodate off-nominal loading
conditions (e.g., landing system failure) without resulting in injuries to humans [refs. 6, 12, 13,
31].

In addition to strength, structures possess adequate stiffness to preclude detrimental deformation
due to loads corresponding to test and operating environments throughout their service life. The
cumulative elastic, permanent, and thermal deformations should not degrade structural integrity,
system performance, or adversely affect acrodynamic characteristics and performance.

4.5.2.1.2 Fatigue and Fracture Control

Safe-life (damage tolerant) design is adopted for all major load-bearing structures. Safe-life in
this context is defined as the required period during which a component, in the presence of
defects that are just small enough to evade detection, is shown by analysis or testing not to fail
under the expected service loading and environment. Defects may be intrinsic to the material
(inclusions and pores), may arise in material processing (hydrogen embrittlement), component
manufacturing (abusive machining), or occur during handling and normal maintenance
(scratches and dings). Fracture critical components (where failure would mean loss of vehicle
and/or serious injury or death of crew) must be explicitly identified. Parts designated as non-
fracture critical must clearly have non-catastrophic failure modes or else an evaluation must be
performed to support their non-fracture critical status. The fatigue life for non-fracture critical
structures should be at least four times the mission design life without failure [refs. 6, 28].
Fatigue crack growth calculations will be performed assuming the defect is a crack; the crack is
in a critical location in the component; and the crack is oriented for the highest crack growth rate
(typically perpendicular to the maximum normal stress);
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The fracture control process should include the specification of an inspection regime that
includes a minimum detectable flaw size with an associated probability of detection for all
component locations identified as fracture critical. When inspections reveal structural damage or
defects exceeding permissible levels, nonconforming hardware shall be assessed. All repairs and
refurbishments shall use an approved repair process. All repaired or refurbished hardware shall
be re-certified after each repair or refurbishment by the applicable test procedure for new
hardware to verify structural integrity and establish suitability for continued service [ref. 6].

4.5.2.1.3 FOS

FOS applicable to the design of space systems structures and other structural components are
summarized in various references [refs. 2, 3,4, 5, 6, 12, 13, 27, 31]. Special design factors are
also applied when conditions relating to personnel safety, highly localized stresses, or material
compatibility arise.

For pressure vessels, components and pressurized structures, factors of safety for pressure loads
are established at levels that ensure structural integrity, structural life, and safety throughout all
mission phases. These factors are given in References [2, 3, 4, 5, 6, 27].

4.5.2.1.4 Material Properties

Materials analyses are performed to determine suitability of materials selected for use in the
design environment and to define allowable mechanical and physical properties of materials.
Material strength and other mechanical properties are based on reliable sources or a sufficient
number of tests to establish properties on a statistical basis. For all pressure vessels, material
selections should demonstrate leak-before-burst capabilities. Material strength allowables used in
the design should reflect the effects of loading rates, temperatures, and time associated with the
design environment. The design of spacecraft structures has traditionally used nominal (mean)
material properties for design. For space structures that are meant to be reused, or are intended
for long durations, it may be desirable to adopt statistically reduced material properties (A-basis,
B-basis or -36). The statistical basis to be used in determining strength allowables for various
types of materials (metallic, composites, polymeric, and glass) and design criteria (safe-life,
redundant load paths, etc.) is specified in [ref. 6].

4.5.2.1.5 Propulsion System Structures

All pressure vessels and pressurized structures are designed to possess the following strength
capabilities in the expected environment [refs. 2, 3,4, 5, 12, 27, 31]:

= Withstand limit load and internal pressures without causing detrimental deformation
» Withstand ultimate loads and internal pressures without experiencing rupture or collapse
= Sustain proof pressure without yielding

= Pressurized structures subject to instability modes of failure should not collapse under
ultimate loads or degrade due to elastic buckling under limit loads
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= Margins of safety should be positive and determined by analysis or test at design ultimate
and limit levels and temperatures

Thermal effects, including heating rates, temperatures, thermal stresses, and deformations are
considered in the design of all pressure vessels and pressurized structures. For all reusable
pressure vessels and reusable pressurized structures, the structural design should permit these
structures to be maintained in and refurbished to a flight-worthy condition. Repaired and
refurbished structures shall meet all stipulated conditions of flight-worthiness.

For those pressure vessels and pressurized structures that are readily accessible for periodic
inspection and repair, the safe-life is determined by analysis and test. All pressure vessels and
pressurized structures that require periodic refurbishment to meet safe-life requirements are re-
certified.

4.5.2.2 Analysis

Structural analysis is performed to predict structural response to the critical loads and
environments anticipated during the service life of the structure. The analysis also includes
investigation of fatigue, safe-life, and fail-safe considerations to establish the service life,
tolerance of the structure to crack-like defects, and residual strength.

The following describes the types of analysis that are typically performed to predict structural
response and to demonstrate the structural subsystem can withstand the defined operational
environments without loss of structural integrity or degradation in performance.

a) Flight Loads Analysis - Design and verification/validation of launch vehicle and spacecraft
structures require a multidisciplinary, collaborative, and iterative process that begins during
the earliest phases of a program and does not end until the vehicle is launched and post flight
data is analyzed. The analysis process is typically referred to Load Cycle Process. The
process involves a series of loads analyses: preliminary loads analysis, final loads analysis,
verification loads analysis, and independent verification and validation analysis. Dynamic
analysis is performed for various flight events such as lift-off, engine ignition, aerodynamics,
maneuvering, and staging, and descent, entry, and landing, where applicable. Structural
dynamic mathematical models are developed to support the loads analysis. Analysis models
should represent structural assemblies by the characterization of dynamic parameters (natural
frequencies and mode shapes), effective masses and damping. Where loads produced by
different environments can occur simultaneously, these loads will be combined in a rational
manner to define the limit load states.

Loads analysis is performed to provide structural accelerations, internal loads, stresses, and
deflections in sufficient details to allow verification of structural integrity. Finally, the
verification loads analysis is conducted to provide loads using structural dynamic models and
forcing functions verified by modal survey and other applicable tests. These analyses and
associated methodologies should be verified by an independent organization.
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b) Stress Analysis - Stress analysis is performed to demonstrate positive margins of safety for
all structures for both yield and ultimate loads. The analysis requires consideration of all
environments, as well as the effects of deformations, temperatures, and geometric
nonlinearities, as appropriate. Analysis of laminated composites considers ply-by-ply (or
equivalent composite property) stress/strain response to applied loads and environments.
Strength allowables are defined based on published data from reliable sources or determined
through testing. Margins of safety are determined for each applicable failure mode such as
tensile yield and shear tear-out for metals or fiber fracture, in-plane shear failure, and
delaminations for composites.

Evaluation of buckling strength is based on the combined action of primary and secondary
stresses and their effects on general stability, local or panel instability, crippling, and creep.
Defects and general imperfection in the structures are considered in the analysis. The
analytically predicted buckling strength is applied with an appropriate knockdown factor to
account for unknown defects and geometrical imperfections.

c) Fatigue and Fracture Analysis — Fatigue analysis is conducted to verify the fatigue life of a
structure using nominal values of fatigue characteristics (fatigue stress-life cycle and/or
strain-life cycle data of the material). For metallic, glass, and ceramic fracture-critical parts,
safe-life fracture mechanics analysis is performed assuming undetected cracks in critical
locations and in most favorable orientations with respect to applied stress. Nominal values of
fracture toughness and crack-growth rate data are used in the analysis. (For composite
structures, safe-life is generally verified by a safe-life test or by a proof test). For reusable
and long duration spacecratft, statistically based reductions in material properties should be
considered.

4.5.2.3 Manufacturing and Process Control

Design of structures is based on well-characterized fabrication processes and procedures. The
fabrication process for each structural item is a controlled, documented process. Proven
processes and procedures for fabrication and repair are used to preclude damage or material
degradation during material processing and manufacturing operations. An inspection plan is
developed to identify all key process parameters essential for verification. In-process inspection
or process monitoring are used to verify setup, and acceptability of critical parameters during the
manufacturing process.

4.5.2.4 Testing

A demonstration to ensure that a structural system meets set requirements can be done in one of
three ways: 1) by heritage/similarity; 2) by analysis, and 3) by qualification testing, or a
combination of 1, 2, and 3. Qualification through heritage/similarity is not a reliable process
without adequate analysis/test to conclusively demonstrate similarity in materials, loads, and
responses. Qualification through analysis may be used when testing cannot demonstrate a target
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environment, such as zero-g or combined load effects, tests required are hazardous, or unrealistic
in terms of cost and schedule. The use of analysis for qualification is acceptable provided
adequate verification and validation is performed to capture model uncertainty and/or
demonstrate conservatism. By far the best approach to qualification is through testing. The
mantra for a qualification testing program should be “Test what you fly.”

Early on in a program, decisions on the qualification approach to prove structural integrity must
be made and plans developed to document the qualification requirements. The test program
must be tailored to encompass the service life of the structure (manufacturing, handling,
transportation, storage, processing, launch, and operations). To ensure the qualification process
is complete, a verification matrix should be developed to identify the various testing and
analyses that must be performed to satisfy the structural requirements and at what level of
assembly these activities should be performed. The types of tests selected to show structural
qualification should be consistent with the type of environment and expected loading. The
decision as to what type of test to perform to verify structural integrity needs to be considered
carefully when assessing a structural verification program. Tests will be evaluated on the basis
of the ability to generate the correct loads in critical areas of the structure. In many cases,
several different load cases or test setups may be required to achieve the correct loading. The
type of test selected also depends on the environment that is driving the peak response. For
example, structures which respond significantly to high frequency vibro-acoustic environment
should be subjected to either acoustic or random vibration testing. This will more realistically
simulate the dynamic response of the hardware in addition to any static tests required to achieve
the correct reactive loads at the interface.

Verification programs that are integrated into the product design cycle are essential in providing
reliable structural systems. Up-front integration of verification plans result in the identification
of resource impacts, verification risks, and potential design defects. Tests to verify structural
adequacy includes material characterization, development, and qualification tests, as well as
flight tests. Material characterization tests are conducted to determine physical properties and
allowable mechanical properties for appropriate operational environments. Tests are also
performed to determine materials susceptibility to failure due to fatigue mechanisms such as
fracture, stress-corrosion cracking, hydrogen embrittlement, creep, corrosion, meteoroid impact,
and radiation damage. Development tests (such as tests to determine shock and acoustic
environments, wind tunnel tests, buckling, and modal survey tests) are required to validate
design and modeling approaches. These tests are intended to:

= Evaluate design concepts.
= Validate analytical techniques.
= Determine failure modes or cause of failure.

Qualification tests are conducted on flight-quality hardware to demonstrate structural adequacy
under worst-case expected flight loads times a test factor. The primary objective of qualification
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tests is to establish design margins and structures suitability for operational use throughout its
service life. Qualification tests include: ultimate load tests, pressure tests, buckling tests, safe-
life, and fail-safe tests.

Flight tests are conducted to provide adequate confidence in the design loads and test conditions
used in the qualification tests. Adequate instrumentation are provided to acquire data to evaluate
the effects of buffeting, pogo, control system-elastic mode coupling, sloshing, structural response
to explosive shock, and heating.

In lieu of qualification tests, the strength of a structure may be validated by analysis. This
typically requires the development of an acceptable engineering rationale. Some examples of
criteria on which to base such an approach are:

» The structure is metallic, or a secondary structure

» The structural design is simple with well-defined load paths and failure modes, it has
been thoroughly analyzed for all critical conditions, and there is a high confidence in the
magnitude of all significant loading events

= The structure is similar in overall configuration, design detail, and critical load conditions
to previous structure that was successfully test verified, with good correlation of test
results to analytical predictions

= Development and/or component tests have been successfully completed on critical,
difficult to analyze elements of the structure. Good analytical model correlation to test
results has been demonstrated

Projects which plan to use a “no-test” approach generally must use higher factors of safety and
develop project-specific criteria and rationale for review and approval. [refs. 6, 27].

4.5.2.5 Quality Assurance

A quality assurance program based on a comprehensive study of the product and engineering
requirements is established to ensure that necessary nondestructive inspection and acceptance
proof tests are performed effectively. The program ensures that no damage or degradation
occurred during material processing, fabrication, inspection, acceptance tests, shipping, storage,
assembly, operational use, and refurbishment. The program also ensures that defects that could
cause failure are detected or evaluated and corrected.

4.5.2.5.1 Inspection

An inspection master plan is established before fabrication begins. The plan specifies
appropriate inspection points and techniques for use throughout the program. The plan begins
with material procurement and continues through fabrication, assembly, acceptance proof test,
shipment, assembly, and operation as appropriate.
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For fracture-critical metallic structures, inspection techniques are selected to determine the size,
geometry, location, and orientation of a crack or a crack-like defect. Composite structures are
inspected by visual inspection in conjunction with appropriate state-of-the-art nondestructive
techniques. Inspection is performed to look for non-uniform or broken fibers, delaminations,
fiber wrinkles and waviness, dry fibers (i.e., “fuzzing” or “brooming”), machining damage,
impact damage, and uniformity of surface coatings, if applicable.

For structural items in reusable launch vehicles, a teardown inspection is performed as
appropriate when safe-life demonstration is based on the inspection interval.

4.5.2.5.2 Acceptance Tests

Acceptance proof tests are conducted on pressure vessels, pressurized structures, and composite
structures for verification of workmanship. Composite and bonded primary structures are
subjected to acceptance or proof tests recommended for specific structures [refs. 6, 27]. The
higher proof test factor is for proto-flight structures [ref. 27]. During acceptance proof testing,
the test item should not rupture, experience severe damage, or exceed specifications on
deformation. If necessary, the proof-test parameters, such as load, pressure, and temperature, are
suitably adjusted to account for the environmental effects on material properties and stress fields
to make the proof test representative of the lowest margin condition. In case proof testing of a
composite structure is not practical, the quality of the hardware can be demonstrated by
inspection, tag end testing, and certification from the manufacturer that controlled specifications
and trained and certified personnel are used in making the hardware.

All pressure vessels, propellant tanks, and pressurized structures are proof-tested using
appropriate proof test factors applied to pressure and external loads [refs. 2, 3, 4, 5]. No yielding
should be permitted at acceptance (proof) test pressure and no rupture at qualification pressure.

4.5.2.6 Lessons Learned

The following three sections provide examples of lessons learned taken from various past
aerospace programs that relate to the detailed design and implementation phases for structural
systems. These lessons learned are broken up into sections covering Qualification, Analysis and
Test, and Design, Manufacturing, and Assembly.

4.5.2.6.1 Qualification

a. Thoroughly evaluate the heritage systems and data (test and analysis) and applicability of
using “existing” or “flight proven” equipment.

b. Unexpected hardware behavior in test and/or flight usually is a sign of impending failure
and must be thoroughly investigated. Perform thorough post-flight analysis.
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Replacement materials should be sufficiently tested under conditions that realistically
simulate flight conditions, and the results should be correlated with those exhibited by the
original material.

An old unit re-commissioned for flight should be retrofitted with the up-to- date design
upgrades.

Study past anomalies that involved similar designs or technologies and implement
appropriate corrective actions.

Safeguard flight hardware against inadvertent over-testing.

Do not succumb to launch schedule pressure and compromise engineering
recommendations.

4.5.2.6.2 Analysis and Test

a. All design changes must be thoroughly analyzed and tested.

b. Analysis should properly account for all flight environments.

C.

.

Inaccuracies in material properties and structural loads and environments continue to
threaten mission success. Independent verification and validation of structural material
properties and loads/environments is highly desirable. It is highly recommended to
perform appropriate testing to achieve this. Independent verification/validation of
material properties, structural loads, strength, and stability analyses for the spacecraft and
launch vehicles should be performed.

Test failures must be thoroughly investigated and the root causes of the test anomalies
ascertained.

Verify field installation of all single point failure items.

4.5.2.6.3 Design, Manufacturing, and Assembly

Thoroughly verify interfaces of subcontracted items.

Honeycomb structures should be vented wherever possible. If un-vented, design cannot
be avoided, sufficient testing including development, qualification and proof should be
conducted under applicable temperature and vacuum conditions.

All changes and discrepancies should be properly evaluated. Class Il changes and some
non-conformances typically do not go through material review board processes.

Protect the flight hardware from handling and transportation damage. Provide ample
checks for damage detection.




NASA Engineering and Safety Center Document #: Version:
Technical Report RP-06-108 1.0

Design Development Test and Evaluation (DDT&E) Considerations | Page #:
for Safe and Reliable Human Rated Spacecraft Systems 41 of 697

e. Design hardware to minimize the areas that cannot be inspected, and avoid the use of
potential contaminants whenever possible. Account for all loose materials used during
assembly.

4.5.3 Reliability and Robustness

4.5.3.1 Definitions

In the context of the present white paper, reliability is defined as a quantified probabilistic
assurance the structural system under consideration will perform as intended and meet all the
mission requirements under specified operating conditions over its design life time. Often
structural systems are forced to operate under conditions which deviate significantly from ideal
design conditions. A degree of how well a system performs with no appreciable degradation in
performance under such conditions is measured by its robustness. A successful design needs to
be both reliable and robust. A highly robust design is the one with the highest possible reliability
and with least amount of variance in its computed reliability.

4.5.3.2 Types of Uncertainties and Their Identification

An essential part of design of a reliable and robust system involves the identification of accident
scenarios (event sequences) that may lead to the consequence of interest, e.g., system
unavailability, loss of crew and vehicle, and so forth. Many methods have been developed to aid
the analysis in such efforts. Examples are: FMEA, hazard and operability analysis, Fault Tree
Analysis (FTA), and Event Tree Analysis (ETA). These analyses consider combinations of
failures of the hardware and human actions in risk scenarios [refs. 8, 18].

The development of scenarios introduces model assumptions and parameters that are based on
what is currently known about the physics of the relevant processes and the behavior of systems
under given conditions. These models include parameters whose numerical values are assumed
to be available. The models can be deterministic or probabilistic. It may be undesirable to have
purely deterministic models for physical systems due to the significant uncertainty in the design
parameters. Probabilistic approaches have been devised to deal with these uncertainties.

Uncertainties are classified into two types, aleatory and epistemic. The aleatory uncertainties are
inherent variations in the physical system which cannot be avoided or reduced. Epistemic
uncertainties, on the other hand, represent the model form uncertainties which can be reduced
with increasing knowledge of the system. Both types of uncertainties need to be identified up
front in order to design reliable and robust structural systems [refs. 7, 30]

4.5.3.3 Probabilistic Approaches and PRA Tools

Generally, the methods to compute the element level reliability (component reliability) can be
broadly grouped into four categories as, (1) first-order reliability methods and second-order
reliability methods, (2) Monte Carlo simulation and its derivatives like efficient sampling
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methods etc., (3) response surface approaches, and (4) sensitivity-based probabilistic finite
element analysis. A brief description of these four categories is provided elsewhere [refs. 29,
36].

Structural systems consist of many interconnected structural components. A system is an orderly
arrangement of components that interact among themselves and with external components, other
systems, and human operators to perform some intended function. Structural system risk
analysis is quite complex in comparison to component risk assessment [ref. 21]. The major
difference comes from the fact the system analysis requires the formulation and identification of
numerous failure modes and their combinations, accounting for redundant components and
failures that only arise when other components fail first, into a single assessment of system risk.

The state-of-the-art in the area of structural reliability assessment has improved significantly in
the past two decades both in component and system level reliability estimation. The challenge
remains, however, to synthesize and adapt the current research and technology development
efforts into simple practical methods for engineering applications, and aerospace applications in
particular where structural analyses are strongly and inherently multi-disciplinary and
computationally intensive.

4.6 Best Practices (Indicator Observable List)

This chapter is a summary of the most important factors that contribute to DDT&E best practices
for reliable and robust space systems structures. The following list of best practices were
developed through a review of structural analysis, design processes of NASA, DoD, and those
documented in professional society standards, as well as lessons learned from past launch
successes and failures. As there has been only a single failure of US space and launch systems
attributable to a structural failure, one can conclude the past design practices were at least
adequate [ref. 11]. However, there is always an opportunity to learn from the failures of other
systems and integrate lessons learned into best practices that can be adopted for new programs.
As materials and analysis tools evolve and improve, adoption of new technologies requires the
benefits and potential risks be fully understood. Once new technologies are verified and
validated, the lessons learned should be integrated into best practices for future programs.

4.6.1 Robust

Robustness is how the structural system performs under sub-optimal conditions. Some of the
steps to achieve structural robustness are the following:

1. Requirements should be defined as early in the design process as feasible. Requirements
should be traceable, verifiable, and complete.

2. Determine pertinent requirements utilizing NASA, DoD, and professional society’s
standards.
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Reliability should be designed into the hardware. All potential failure modes and their
effects should be considered early in the design process.

Design should address the worst-case (including off-nominal) environments and loads
during flight hardware’s service life, including: transportation, storage, flight, space
operation, and entry.

Heritage hardware should be thoroughly evaluated against specific program requirements
before its use.

Do not allow schedule and cost pressures to circumvent implementation of scientific and
engineering best practices

Proven processes and procedures for manufacturing, fabrication, and repair should be
used.

4.6.2 Reliable

Reliability implies likelihood that mission is success. The following steps are crucial to achieve
reliability in this context.

4.6.2.1 Design and Analysis

1.
2.

NS » ok

Design hardware to maximize inspectability as much as possible and practical.

In design margin analysis, pay attention to scaling issues — coupon, component, sub-
system, system; material properties may be scale dependent.

Analysis for mass properties, stability and control, and structural loads should be
independently verified or validated. In addition to analytical details, verification should
include requirements flow down, traceability, subsystem interactions and contractors’
proprietary data

Analyze all multidisciplinary interactions of structural components.
Analyze all multidisciplinary interactions of design changes and improvements.
Whenever possible, use a building block approach.

Analytical results of large computer models should be thoroughly understood. The
applicability, interpretation and correlation of results to the detail strength/stability
analyses understood.

Sensitivity of the analytical predictions to various parameters in analytical models should
be assessed before formalizing the design.

For materials systems that have a large inherent variability in properties or uncertainties
in loading environments, probabilistic analysis methods may be preferred.
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10.

Honeycomb structures for space applications should be vented.

4.6.2.2 Verification/Validation

1.

10.
11.

12

13.

14.

4.7

Close the loop between analysis and test. Investigate all test failures and test anomalies
and thoroughly understand root causes.

Pay attention to anomalous flight/test data — examine/analyze all data obtained from tests
and/or flights.

Implement evolving materials, technologies, and analysis tools only after they are
thoroughly verified and validated.

Test should be adequately instrumented and results correlated with pre- and post-test
analysis predictions. An analytical model of the flight article can not be considered
validated unless the test adequately simulates flight conditions.

Test articles should be thoroughly inspected after testing.

All changes in the requirements and design, particularly last-minute changes, should be
thoroughly validated.

Inspection does not build, but assures, quality.

Accidents during manufacture, process anomalies, and associated corrective actions
should be thoroughly addressed.

Do not allow schedule and cost pressures to circumvent scientific and engineering best
practices.

Verify field installation of all single point failure components.

Flight hardware (especially composites) should be protected from, and inspected for,
handling damage.

. A structure may be qualified by analysis alone, provided that it is a metallic or secondary

structure, has been thoroughly analyzed, and is similar to a previous test-verified
structure.

All composite structures should be acceptance proof tested unless they are proven by
development testing to be tolerant to undetectable damage.

“Test as you fly.” Test articles should simulate actual flight conditions including:
configurations, loads, and environments as much as is practical.

Summary

In summary, since the first human space flight, the best practices for reliable and robust
spacecraft structures appear to be well established, understood, and articulated by each
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generation of designers and engineers. However, the implementation of these best practices
appears to be a problem. When the best practices are ignored or short cuts are taken, reliability
suffers and risks accumulate. Program managers deviate from best practices because of the
programmatic and resource (cost and schedule) issues brought on by anomalies and unpredicted
problems and unforeseen events. Thus for a reliable structural system, program managers need
to be very vigilant when anomalies and unforeseen problems arise that tend to violate best

practices.
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5.0 Electrical Systems

The electrical system can have a large influence on a spacecraft’s safety and reliability. In
general, system designers attempt to design an electrical system that does not significantly drive
total vehicle safety and reliability. Usually, it is propulsion systems that drive safety and
reliability. Electronics lends itself to the application of redundancy and other techniques to
improve reliability to levels significantly better than the propulsion system. These techniques
however can increase the complexity of the system, which can unintentionally defeat the
intended benefits of redundancy. This report describes some important considerations for
designing and producing a safe and reliable electrical system.

For the purposes of this report, the electrical systems includes all elements that interface and
interconnect sensors, actuators, and power to electronic equipment that collects and processes
data for onboard control, for the crew, and for transmission to the ground. The term “Avionics”
is often used to refer to certain parts of the electrical system. To prevent differing interpretations
of “Avionics,” the broader electrical system term is used in this report. This broad perspective
assures a top-down systems view essential to ensuring the total electrical system is safe and
reliable.

This chapter discusses the application of the guiding principles, developed in the executive
summary, to the development of a safe and reliable electrical system for a human rated
spacecraft.

Guiding Principles:

1. Define a clear and simple set of prioritized program needs, objectives and constraints,
including safety, that form the validation basis for subsequent work.

2. Manage and lead the program with a safety focus, simple and easy to understand
management structures, and clear lines of authority and responsibility among the
elements.

3. Specify safety and reliability requirements through a triad of fault tolerance, bounding
failure probability, and adhering to proven practices and standards.

4. Manage complexity by keeping the primary (mission) objectives as simple and minimal
as possible and adding complexity to the system only where necessary to achieve these
objectives.

5. Conceive the right system conceptual design early in the life cycle by thoroughly
exploring risks from the top down and then using a risk-based design loop to iterate the
operations concept, the design, and the requirements until the system meets mission
objectives at minimum complexity and is achievable within constraints.
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6. Build the system right by applying a multilayered, defense in depth approach of
following proven design and manufacturing practices, holding independent reviews,
inspecting the end product, and employing a “test like you fly, fly like you test”
philosophy.

7. Seek and collect warning signs and precursors to safety, mission success and
development risks throughout the life cycle and integrate those into a total risk picture
along with appropriate mitigation activities.

No single set of requirements, rules, or implementation approaches can assure safety and
reliability. Within the mission life-cycle, the early effort defines the electrical systems conceptual
design and architecture. Architecture design choices define the safety and reliability of the
integrated system. The architecture must maintain safety in the presence of failures or
unexpected environments, conditions, and operational sequences.

The optimization process that addresses safety and reliability against mission objectives requires
a focus on first developing the simplest architecture that safely meets mission objectives. This
architecture 1s validated to show that it meets mission functional requirements. Complexity either
to improve robustness, or to increase failure tolerance, is added to meet safety and reliability
requirements. Consequently, ensuring safety and reliability requires a continuous set of methods
and processes that start at concept definition and continue throughout the life cycle of the fielded
system.

The current set of vehicles presents some unique drivers for the system designer. The vehicle
must function properly over differing Lunar and ISS resupply missions. Some missions also
require both crewed and uncrewed operations.

Lowering lifecycle costs through a reduction of ground based infrastructure and support teams is
an objective. New technology can provide a reduction in hands on testing, checkout, and
operations as part of minimizing operations costs. Teams need to be careful that new technology
and automation approaches do not unintentionally degrade safety and reliability.

The new generation of vehicles will be in use for decades into the future. The system design
must allow upgrades and accommodate advances in technology in an open-system architecture to
minimize cost, guarantee maintainability and supportability over an extended lifetime, and
maximize the ability to incorporate new technologies in the subsequent development.

Principle 1 - Define a clear and simple set of prioritized program needs, objectives and
constraints, including safety, that form the validation basis for subsequent work.

Mission Objectives: It is necessary to distinguish between those requirements that capture
mission needs and those, which specify and constrain implementation. Mission requirements
which state need capture the functions, performance, and functional interfaces that design
elements must provide; they also form the basis from which the system-level design can be
validated. In contrast, implementation requirements define how those needs will be met. At the
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system level, a design is functionally validated when it is clear that all necessary functions can be
performed, that all the essential functional elements and interfaces are present, and the total
performance of those elements has adequate margin.

Once validated, mission objectives, needs and constraints can provide an unambiguous
validation basis for derived requirements. Prioritization of objectives identifies the most
important objectives, the secondary objectives and objectives having lesser importance. For
human rated systems, the safe return of the crew is the paramount objective.

Thorough validation assures the allocated functions are traceable and evaluated against the needs
and requirements. This helps to protect against requirements expansion and its resulting dilution
of reliability, increase in technical complexity, cost growth, and schedule impact.

Meeting Objectives and Deriving Requirements.: A rush to programmatic milestones can result in
generic requirements, such as required redundancy or fault tolerance, which attempt to specify
how to make a system safer. These requirements do not necessarily the produce the desired result
in a real system. Defining such requirements does not replace the iterative design process
necessary to synthesize an optimum design. In addition, defining too many low-level
requirements, too early in the design flow, can result in over-constraining solutions and cause
increased cost. Over-specification can also result in the exclusion of other credible solutions that
may be safer and more affordable. Further discussion of this topic is contained in Section 5.3.3.

Principle 2 - Manage and lead the program with a safety focus, simple and easy to understand
management structures, and clear lines of authority and responsibility among the elements.

It is good practice for the mission systems engineering team to include a lead electrical system
engineer. The integrated nature of avionics makes it important the requirement definition, design
trades, and eventual implementation are done in an open and collaborative environment with
representation from all affected disciplines.

Teams defining the electrical systems and avionics must include members from safety and
reliability to help identify where and how hazard controls, fault tolerance and redundancy are
included in the design. To realize the maximum benefit from reliability analysis, it is essential to
integrate the risk and reliability analysts within the design team. Further discussion of this topic
is contained in Section 5.1.2.

Principle 3 - Specify safety and reliability requirements through a triad of fault tolerance,
bounding failure probability, and adhering to proven practices and standards.

A three-pronged approach of specifying fault tolerance, bounding failure probability, and
adhering to proven practices and process control, is used to define and implement a safe human-
rated system. This approach equally applies to Electrical Systems.

As a global requirement, electrical systems and avionics should target sufficient reliability so as
not to become a safety and reliability driver for the larger system. That is, the total system




NASA Engineering and Safety Center Document #: Version:
Technical Report RP-06-108 1.0

Design Development Test and Evaluation (DDT&E) Considerations | Page #:
for Safe and Reliable Human Rated Spacecraft Systems 49 of 697

reliability should be naturally dominated by elements other than those that comprise Electrical
Systems. Further discussion of this topic is contained in Section 5.3.

Principle 4 - Manage complexity by keeping the primary (mission) objectives as simple and
minimal as possible and adding complexity to the system only where necessary to achieve these
objectives.

Simplicity of design is a beneficial attribute for making safe and reliable systems. Simpler
designs are more predictable, reliable and affordable. Minimizing system complexity results in
fewer parts and connections that result in fewer failure modes. Simpler systems will also result in
fewer unexpected and unintended interactions, serve to contain any failures that do occur, and
limit potential cascading consequences. Simpler designs allow clear and definable test coverage.
A simple design is easier to analyze, allowing a better understanding of the sensitivities to
performance margin over the system life cycle. A design with fewer unexpected and unintended
interactions will be more predictable.

The goal is to limit the complexity to the minimum necessary to meet the objectives. For a
manned system the primary objective is to safely return the crew following the completion of the
mission or following an abort. This argues for a simple and well-understood system design. Any
complexity, over the simplest solution, should be justified with definitive rationale supporting
safety and mission success. Complexity added for mission success should have minimal and
understandable effects on safety. Further discussion is included in Section 5.3.3.

Principle 5 - Conceive the right system conceptual design early in the life cycle by thoroughly
exploring risks from the top down and then using a risk-based design loop to iterate the
operations concept, the design, and the requirements until the system meets mission objectives
at minimum complexity and is achievable within constraints.

The conceptual design considers the mission objectives and requirements, the operations
concept, including all mission modes and configurations, and the reliability and safety
requirements, to achieve a design using an iterative design process as shown in Figure 5.0-1. The
design team strives for minimal complexity, low interdependencies, and minimal sensitivity to
changes in the environment or operational sequence. An iterative design loop is described in
report section 5.2 from a systems perspective, and in section 5.3.5 from an electrical systems
perspective. The conceptual design defines how the system can react and function should failures
and unexpected interactions surface.
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Figure 5.0-1. Iterative System Design Loop

A major challenge to developing large systems is achieving a holistic approach that appropriately
addresses technical requirements within programmatic constraints. The electrical systems will be
composed of smaller manageable pieces that must operate as intended as a system when they are
integrated. It is necessary to understand couplings and interactions of the various system
elements in order to properly evaluate their reliability and safety impacts. To that end, interfaces
should be simple, appropriately uniform, and as few in number as are necessary.

99 ¢

Basic tenets of the iterative design loop are to “make it wor make it safe and reliable”, and
“make it affordable.” The iterative loop starts with simplest p0351ble design approach that meets
minimum performance requirements. As the team identifies the design drivers and their impact
on risk (safety, performance, development) with a simple technically compliant design, it can be
changed based on risk drivers. The team must quantify the impacts of drivers to be able to
identify the “differences that make a difference” in the total system. They must then identify
design alternatives that can improve one or more risk drivers and determine if one or more
alternatives and improvements can be justified through a positive cost and/or technical benefit.
This iterative method strives to add elements to the system were they provide a positive benefit,
as opposed to designing the system according to what is possible. This avoids having to scale
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back the design should the system end up “out of the box.” Section 5.2 describes the systems
engineering’s role in balancing cost, performance, and risk. See figure 5.0-2 below.

Cost / Schedule
“Make it Affordable”

Acceptable Risk,
Cost, Perf Solutions.
with Margin to Limits

e e e e e e aael

S

Performance
Constraints,

Technical
Resources,
“Make it Work"
Risk “Make it Safe”
« Safety
* Mission Success
* Development

Figure 5.0-2. Project Constraints Box Showing Alternatives as a Surface
with Selected Solution

Using a risk-based design approach, hazards are either initially eliminated by design or
controlled through mitigation techniques. This approach evaluates the system to determine where
it is vulnerable, and subsequently strengthens those weak links. Initial attempts to control
hazards should investigate alternate operations concepts, alternate designs, and / or alternate
derived requirements.

The use of like redundancy (i.e., duplicative) is quite effective in improving reliability if system
failures are independent of each other. However, in the aerospace industry, design and
manufacturing processes are tightly controlled thereby leading to the threat of “dependent
failures.” Dependent or common-cause failures result in multiple units failing due to the same or
a “common” cause. Spacecraft designers need to consider the likelihood and consequence of
common-cause failures in their designs. If common-cause failures are not taken into account, not
only can the actual safety and reliability of the system be lower than expected, but the overall
system can also be adversely impacted through the addition of components and their attendant
complexity, weight, and cost.

Diversity protects against the unknown unknowns that can compromise multiple units. Simple
diverse systems can provide an independent backup for critical functions necessary for crew
survival. The complexity of the diverse backups depends on their function and the time criticality
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for their operation. Safety-critical backups can be of lower performance as long as proper
function is assured.

When items with their inherent complexity are added to the system, designers should ask, “What
is the value added in terms of reduced risk given the mass, power, cost, and reliability penalty?
Can the function be accomplished more reliably with other equipment in a diverse or degraded
manner?” Whenever equipment is added to the system, the designers need to reasonably consider
common cause and other dependency factors that can degrade the system.

Designers need to consider the addition of redundancy may actually decrease the overall
reliability. This is because additional features need to be introduced into the system to
accommodate the redundancy. These additions include the sensors and extra controls needed to
deactivate the malfunctioning component and switch to the back-up component. The addition of
the extra components and failure of these extra features can be just as serious as the original
malfunction and may defeat the intended benefits of redundancy. Further discussion of this topic
is contained in Section 5.3.

Principle 6 - Build the system right by applying a multilayered, defense in depth approach of
following proven design and manufacturing practices, holding independent reviews,
inspecting the end product, and employing a “test like you fly, fly like you test” philosophy
[ref. 6 ].

A multilayered approach as shown in Figure 5.0-3 is used to assure the system is implemented
correctly. Each of the layers is influenced by essential characteristics of the team and depicted as
poles in Figure 5.0-3.

Sound design and manufacturing processes assure the system needs are well known, the design is
valid, and that acquisition, fabrication, and integration processes are well defined and strongly
applied. Produce the system with proven design and manufacturing processes with an
understanding of the processes most important for safety.

The validation of the design is supported by thorough review by peers independent of the
development team. Quality reviews can help a team identify what may be missing, what may be
incorrect, and identify alternatives which can reduce risk or cost, or improve performance
margins.

Inspections and walkdowns by Quality Assurance, Engineering, and Users form an important
part of ensuring a safe and reliable system. These are used to validate requirements, or verify
processes, products, and assess whether the end item meets the designers intent.

A test like you fly, and fly like you test philosophy assures the system is tested using flight
environments and operations sequences to the largest degree practical. Further discussion of this
topic is contained in Section 5.4.
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Figure 5.0-3. Multilayered Approach to Producing a Safe and Reliable System

Principle 7 - Seek and collect warning signs and precursors to safety, mission success and
development risks throughout the life cycle and integrate those into a total risk picture along
with appropriate mitigation activities.

An integrated risk management assessment process throughout all phases of the system’s life
cycle is essential to achieving a safe and reliable system. Early identification and resolution of
potential problems is the key to effective application of technical, cost, and schedule resources.
Communicating the total risk picture or risk state to the team along with risk mitigation decisions
is important in preventing potential conflicts between system elements. Each layer within the
multilayered approach provides a mechanism for identifying and collecting warning signs and
precursors to conditions that could impact safety and reliability. Team members must pay
particular attention to these warning signs and affirmatively resolve them with rationale
describing why the system is safe.

99 ¢

Distinguishing risks by their “safety,” “mission success,” and “development/programmatic”
consequence types encourages the team to discuss and focus on what is at stake can help teams
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make difficult choices when evaluating safety versus mission success versus development risks.
Further discussion of this topic is contained in Sections 5.5.

5.1 Introduction

Section 5 contains eight major sections describing the considerations for producing an electrical
system for a safe and reliable human rated vehicle:

Scope of Electrical Systems and the Design Team (Section 5.1) provides a description of the
electrical system, its influences on other subsystems and the scope of the design team.

Analysis of Failure History (Section 5.2) describes analysis of the failure history, and
guidance that may be drawn and applied to electrical systems.

System Architectural Design (Section 5.3) describes the early design process defining the
safety and reliability of the system. Functional design, reliability and safety requirements,
risk based design, design analysis, and design validation all interplay to produce a validated
architectural design.

System Implementation (Section 5.4) Implementation reliability drivers and recommended
practices are described.

Integrating Risk (Section 5.5) Activities important for integrating and assessing Safety,
Mission Success and Development Risk

Command and Data Handling (C & DH) (Section 5.6) Safety and reliability drivers for C &
DH are discussed.

Power (Section 5.7) Safety and reliability drivers for power electronic systems are discussed.

Communications (Section 5.8) Safety and reliability drivers for communications electronics
systems are discussed.

5.1.1 Scope of Electrical Systems
Electrical systems include all electrical and electronic system elements and their interfaces.

The electrical system is defined to include all electronics components on the spacecraft, from
where the current or voltage is generated in a sensor or a power source to where the current or
voltage ends in an actuator, or the signals leave the spacecraft. The entire spacecraft electrical
system is captured in a hierarchical series of implementation block diagrams enabling a holistic
understanding of the complete system and rapid appreciation and evaluation of modifications. A
total electrical systems approach enables the team to quickly and efficiently communicate with
the reliability and systems engineering disciplines during the cyclic process of performing cost,
risk and performance assessments.
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The electrical system includes the electrical elements, mounted on the spacecraft that are
interconnected to perform their defined functions that meet mission requirements. To the extent
that there are challenges in interconnecting the electrical system, whether built in-house or
procured from 